Thin film structures of [Cu 3 (BTC) 2 (H 2 O) 3 ] n (HKUST-1), which is one of Metal-organic frameworks (MOFs), prepared via step-by-step liquid phase epitaxy (LPE) method, on a TiO 2 (110) surface were investigated by polarizationdependent total reflection fluorescence X-ray absorption fine structure (PTRF-XAFS), X-ray diffraction (XRD), and scanning electron microscopy (SEM). For the ultra thin film, PTRF-XAFS enlightened that HKUST-1 eventually formed even at 1 cycle LPE. For further growth, XRD and SEM verified well-oriented h111i HKUST-1 thin films on the surface. These results proposed that the adsorption structure of linkers on the surface plays an important role to control the orientation of MOF films.
Introduction
Metal-organic frameworks (MOFs), hybrid inorganic-organic solid compounds with high designability of geometry, size, and functionality, are widely regarded as promising materials for catalysts, separation, gas storage, and molecular recognition. [1] [2] [3] Recently, intensive studies have been reported towards MOF thin films with liquid phase epitaxy (LPE) and integration of LangmuirBlodgett film method with LPE, to control growth orientation, thickness, and morphology without losing bulk phase properties on oxide substrates, semiconductors, and self-assembled monolayers (SAMs). [4] [5] [6] [7] [8] However, these challenges have not been extended to an optically transparent semiconductor such as TiO 2 , ITO and FTO etc.
For understanding the growth mechanism of MOF film, X-ray diffraction (XRD) is the most common method, but it requires thick films (a few µm) generally. Even synchrotron radiation XRD has difficulties to obtain distinguishable signal from less than 10 multilayered films. Overcoming this challenge, X-ray absorption fine structure (XAFS), which gives direct structural information with sub-¡ resolution for noncrystalline and highly disordered material, will be an alternative probe. Especially, it has been demonstrated that polarization-dependent total reflection fluorescence XAFS (PTRF-XAFS) technique is a powerful tool for obtaining 3D structure on a flat substrate. [9] [10] [11] In this study we have examined the structure of HKUST-1 12 ([Cu 3 (BTC) 2 (H 2 O) 3 ] n ; BTC = 1,3,5-benzenetricaboxylate) thin films on a single crystal rutile Nb-doped TiO 2 (110) surface in which properties can be enhanced than non-doped TiO 2 (110) for understanding the growth mechanism of MOFs film. HKUST-1 is one of well-known functional MOFs. 12 The substrate, TiO 2 (110), is one of most intensively studied metal oxide surfaces because of its stability, and optical and semiconductive properties. 13 Noteworthy is that carboxylic molecules on the TiO 2 (110) surface create a stable and well-ordered monolayer at room temperature. 14, 15 This unique property anticipates that the HKUST-1 films may grow with high orientation on the surface.
Experimental
Copper acetate anhydride (Cu(OAc) 2 ), 1,3,5-benzene tricarboxylic acid (BTC), and ethanol (99.5%) (Wako Pure Chemical Industries) were used without further purification. An optically polished Nb-doped (0.05 wt%) TiO 2 (110) (10 © 10 © 0.5 mm 3 , Shinkosha Co.) was pretreated via annealing at 900 K for 30 minutes in an electric furnace with quartz crucibles.
Pretreated TiO 2 (110) was initially immersed in a saturated BTC ethanol solution at 348 K for 24 hours. The substrate was then alternatively immersed in Cu(OAc) 2 ethanol solution (1 mM) for 30 minutes and in BTC ethanol solution (1 mM) for 1 hour at room temperature. After every immersion, the substrate was thoroughly rinsed with ethanol and dried in a stream of N 2 gas. Samples were preserved in ambient environment until measurements. The coverage of 1 cycle thin film was 1.45 © 10 13 HKUST-1 molecules/cm 2 , which was determined from Cu 2p3/2 to Ti 2p3/2 peak area ratios by X-ray photoelectron spectroscopy (XPS) (AlKA, Thermo KAlpha).
PTRF-XAFS were performed at the BL12C of Photon Factory (2.5 GeV, 450 mA, Si(111); PAC No. 2012G071) in fluorescence mode. Considering the anisotropic surface structure of TiO 2 (110), XAFS were carried out in three different orientations relative to the electric vector (E) of the incident X-rays. [9] [10] [11] Data analysis was processed using REX 2000 software (Rigaku) and FEFF code. 16 XRD data were recorded on an Ultiama IV diffractometer (CuKA, 40 kV, 40 mA; scan speed: 2 degree/min; step: 0.1 degree, Rigaku). Scanning electron microscopy (SEM) images were taken by JSM-5010 (JEOL) on secondary electron imaging mode at an accelerating voltage 5 kV.
Electrochemistry
The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.82.335 JOI:DN/JST.JSTAGE/electrochemistry/82.335 Figure 1 shows XAFS spectra of 1 cycle film on TiO 2 (110) in three orientations with a reference compound. The X-ray absorption near edge structure (XANES) spectrum of bulk HKUST-1 has characteristic features denoted as (I), (II), and (III) as shown in Fig. 1(A) . Prestipino et al. have reported that the peaks at ca. 8998 eV and at ca. 8977 eV ascribed to the quadrupolar transition 1s¼3d and the white line, respectively. 17 They also assigned that the peak at ca. 8985 eV is due to the 1s¼4p dipolar shakedown transition. 17 We found these peaks in the ultra thin film, indicating that HKUST-1 cage structure was formed on the TiO 2 (110) surface even at the 1 cycle LPE process.
Results and Discussion
Similarly to the XANES spectra, all extended X-ray absorption fine structure (EXAFS) spectra of the film were relatively identical to that of a bulk HKUST-1, especially in 3.7 to 7.0 ¡ ¹1 range ( Fig. 1(B) ). As be different with two in-plane orientations, the amplitude of out-of-plane (E // [110]) orientation was slightly dampened, but not significantly. For preventing the strong correlation between coordination numbers (N) and Debye-Waller (DW) factors, curve fitting analysis were performed with fixed DW factors which were obtained from bulk HKUST-1. Table 1 summarizes two shell curve fitting results. It suggests that the main contribution was both Cu abs -O and Cu abs -Cu interactions. We could not get meaningful fitting parameters for out-of-plane when Cu abs -Ti was included. The bond distances of Cu abs -O and Cu abs -Cu were estimated at about 1.97-1.98 ¡ and 2.69-2.72 ¡, respectively. Both the coordination numbers and distances were within their error obtained from the refined single-crystal XRD (Cu-O = 1.96 ¡; Cu-Cu = 2.63 ¡).
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Moreover, there was no significant difference in the coordination numbers. Because Cu-Cu bonds in HKUST-1 structure has weak orientation dependency, 12 these XAFS results suggested that a HKUST-1 crystallite/nucleus formed in the initial stage of the thin film growth.
To determine whether crystal growth orientation was controlled on TiO 2 (110), XRD measurement of 50 cycles film was performed (Fig. 2) . As for 50 cycles film, only two peaks at 11.6°and 17.4°c orresponding to the (222) and (333) reflections, respectively, of bulk HKUST-1 were observed. This out-of-plane diffraction pattern demonstrates a highly ordered thin film along the h111i direction normal to the substrate surface. The SEM image (Fig. 3 ) of 75 cycles also revealed ca. 0.5 µm crystals with the facet of octahedron being normal to the surface, indicating (111) face of HKUST-1. However, directions of each side of triangles were at random, indicating that single crystal nanoparticles were not laterally aligned. This result means that 75 cycles thin film is assembly of the single crystal nanoparticles. Zacher et al. have reported a highly selective growth of HKUST-1 on COOH-terminated SAMs which was orientated along the h111i direction. 4 They explained that Cu 2+ ions may coordinate to the carboxylate sites at the COOH-terminated SiO 2 surface, eventually forming the paddlewheel Cu 2 units which act as anchors in a HKUST-1 crystallite/nucleus. On the other hand, intensive scanning tunneling microscopy studies showed that carboxylate (RCOO 14, 15 These results proposed that COOH-terminated TiO 2 (110) plays a role to eventually form surface bound Cu 2 units for a HKUST-1 crystallite/ nucleus, leading to the growth along the h111i direction on TiO 2 (110). In other words, the control of the adsorption structure of linkers could be one of the most crucial factors to control the orientation of MOF thin films.
Conclusions
Thin film structures of HKUST-1 on TiO 2 (110) were determined by PTRF-XAFS, XRD, and SEM. For the ultra thin film, HKUST-1 crystallite/nucleus eventually formed on the COOH-terminated TiO 2 (110) surface. For further growth, XRD and SEM verified that well-oriented HKUST-1 films along the h111i direction. We have proposed that the adsorption structure of a linker is a crucial for controlling the orientation of MOF films on solid substrates. Electrochemistry, 82(5), 335-337 (2014) 
